ABSTRACT: A complex of Eu 3þ , acrylic acid (AA), and 1, 10-phenanthroline (Phen) was synthesized. The structure and fluorescence of Eu(AA) 3 Phen was characterized with elemental analysis, FTIR, 1 H NMR, and fluorescence spectroscopy. A novel copolymer containing rare earth complex, poly(PEGMA-co-NIPAm-co-Eu(AA)3Phen) (PPNEu), was prepared by free radical copolymerization in methanol with azodiisobutyronitrile as initiator. 1 H NMR, fluorescence spectroscopy, UV-vis spectroscopy, and TEM were used to characterize this copolymer. The interaction of PPNEu with deoxyribonucleic acid (DNA) was studied by fluorescence spectroscopy, UV-vis spectroscopy and agarose gel electrophoresis. The results of fluorescence, UV-vis absorption, and agarose electrophoresis indicated that the PPNEu could interact with DNA in an electrostatic bonding mode. The TEM observation showed that the PPNEu could form spherical micelles in water solution small than 100 nm; the efficient complexation of PPNEu with DNA occurred. These results suggested the potential of the PPNEu as gene detective reagent and gene delivery carrier. V C 2010 Wiley Periodicals, Inc. J Polym Sci Part A: Polym Chem 48: [5961][5962][5963][5964][5965][5966][5967] 2010 
INTRODUCTION Recently, great interest has been focused on the rapidly expanding field of fluorescent polymeric materials due to their intriguing structure as well as their potential applications as functional materials in many areas such as electroluminescent devices, 1,2 chemosensors, 3-5 biological detection, 6, 7 nuclear detection, 8 pH sensing, 9 and so on. 10, 11 In the last decade, fluorescent polymeric materials have been widely studied, owing to their promising applications, and so far, many kinds of fluorescent polymeric materials have been generated. In general, there are two main approaches to preparation of fluorescent polymeric materials. One is including dye-doped polymer 8, [12] [13] [14] or quantum dots (QDs) [15] [16] [17] embedded in polymer. However, the dye leakage from polymer in the dye-doped polymeric materials is still a problem whichever kind of dye is used. Furthermore, the application of QDs has been limited by their unbiocompatibility because of their poor solubility in water unless they are modified and agglutination as optical probes. The other one is polymerization of a functional monomer 18, 19 which contains fluorescent chromophores or groups of whichever kind (organic or inorganic). Although it is cumbersome to synthesize and purify a new fluorescent monomer, this method could decrease the leakage and resolve the problem of incompatibility in deed to a certain extent.
In recent years, there has been a growing interest in the fluorescent properties of rare earth metal containing polymers because this kind of functional materials not only has the unique properties of rare earth ion such as fluorescent, electric, and magnetic but also has the special properties of polymer, such as light weight, high impaction, and easy process. There are two types of fluorescent polymer, one is doped type 20, 21 and the other is bond type. [22] [23] [24] The performance and application of the doped type polymer is restricted because the rare earth ion is not well dispersed in the polymer. Nevertheless, the bond type polymer can enhance the appetency force of rare earth compounds, raise transparency and mechanical performance of material.
It is well known that deoxyribonucleic acid (DNA) is an important genetic substance in organism which plays important roles in life process. Errors in gene expression can often cause disease and play a secondary role in the outcome and severity of human disease. Research on the interaction between molecules and DNA is of great importance for finding novel and potential biomaterials for both clinical and laboratory tests. [25] [26] [27] Although, many kinds of fluorescent polymer containing rare earth ions for various applications have been synthesized and characterized, [28] [29] [30] [31] the report of preparation, characterization of water soluble fluorescent polymer containing rare earth complex, and its interaction with biomacromolecules such as DNA is rare. Thus, the study on this should be remarkably desired. Herein, our work focuses on the preparation of the fluorescent polymer and its interaction with DNA.
In this article, we synthesized and characterized a complex containing high polymerization activity and intense fluorescent properties with europium ion, in conjugated with acrylic acid (AA) and the neutral ligand 1,10-phenanthroline (Phen). In the following steps, highly fluorescent Eu-containing polymer (PPNEu) was synthesized through the copolymerization of the complex monomer with other functional monomers. Then, preliminary studies on the interaction of fluorescent polymer containing rare earth complex with DNA were carried on. Its ability on DNA complexation was investigated in order to assess potential application in gene determination and gene delivery.
EXPERIMENTAL

Materials
Europium oxide (Eu 2 O 3 , 99.99 wt %) was purchased from Shanghai Yuelong Nonferrous Metals and used without further purification. N-isopropylarylamide (NIPAm, 99%) was obtained from Acros Organics and used as received. Poly (ethylene glycol) methyl ether methacrylate (PEGMA, M n ¼ 1100) was supplied by Aldrich. Calf thymus DNA (ct-DNA) was supplied by Beijing Shuangxuan Biological Culture Medium Plant (Beijing, China). The stock solution of ct-DNA was prepared by dissolving ct-DNA in distilled water at 0-4 C. The concentration of ct-DNA working solution was 42 mg/L. Plasmid DNA (2.68 Kb), loading buffer and other biochemicals were supplied by the group of Prof. Ma (Faculty of Biology Science, Hubei University). Azodiisobutyronitrile (AIBN, analytical grade) used as initiator was recrystallized twice from ethanol and stored in refrigerator before use. AA (analytical grade) was purified before use. Hydrochloric acid (HCl), tetrahydrofuran (THF), hexane, methanol, 1,10-phenanthroline (Phen), ammonia (NH 3 ÁH 2 O), absolute ethanol (95%), and other chemicals were all analytical grade and used without further purification.
Measurement Techniques
Fourier transform infrared (FTIR) spectra were performed on the PerkinElmer Spectrum one Transform Infrared spectrometer (PerkinElmer). The FTIR spectra were recorded from 4000 to 400 cm À1 . Nuclear Magnetic Resonance ( 1 H NMR) spectra were recorded on a UNITY INVOA-600 MHz spectrometer (Varian) at 20 C with DMSO-d 6 and CDCl 3 as the solvent. The contents of carbon, hydrogen, and nitrogen were determined with an Elementary Vario ELIII elemental analyzer (Germany) and the content of Eu 3þ was determined by ethylenediaminetetraacetic acid (EDTA) titration. Absorption spectra were recorded with a Varian Cary UV-500 spectrophotometer. Excitation and emission fluorescent spectra were measured on a RF-540 spectrometer (Hitachi HighTechnologies Corporation, Tokyo, Japan). The molecular weight and molecular weight distribution were determined by a Waters 150-C gel permeation chromatograph (GPC) at
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C. THF was used as the eluent at a flow rate of 1.0 mL min À1 . The morphology of the fluorescent polymer and the morphology of the interaction of the polymer with ct DNA were characterized by TEM (Tecnai G20, FEI Corp.). The sample was not stained and a drop of the sample was placed on a Formvar-coated copper grid which was dried in air. The TEM images were obtained at 25 C at an electron acceleration voltage of 200 kV.
Synthesis of Eu(AA) 3 Phen Complex Monomer A calculated weight of Eu 2 O 3 was dissolved in excess concentrated HCl and evaporated to near dryness, and then ethanol was added to the crystal and the solution of EuCl 3 in ethanol (0.1 mol L À1 ) was obtained. AA (12 mmol) and Phen (4 mmol) were dissolved in a 40 mL 95% ethanol. Then 40 mL of an EuCl 3 solution (4 mmol) was slowly dropped into the previous solution with constant stirring. The pH value of the mixture solution was adjusted to pH 7-8 with NH 3 Á H 2 O, and the mixture was stirred at 65 C for 12 h, then precipitated, filtered, washed repeatedly with ethanol, and dried in vacuum at 50 C for 6 h.
The copolymerization of Eu(AA) 3 Phen with PEGMA and NIPAm was carried out in a methanol solution. The typical amount of AIBN, Eu(AA) 3 Phen, PEGMA and NIPAm in the feed was 0.014, 0.2, 0.5, and 1.5 g, respectively. The methanol solution was 40 mL. Under such conditions, essentially homogeneous copolymerization occurred. The procedure can be describe as follows: Eu(AA) 3 Phen was dissolved in 40 mL methanol solution and mixed with PEGMA and NIPAm, and then the homogeneous solution was placed in a round bottom flask equipped with a water cooled reflux condenser, a Teflon stirrer, thermal meter for monitoring the temperature and a nitrogen bleed. The air in the flask was replaced by a stream of nitrogen. Then, the system was placed in water bath and when it got to 63 C, AIBN was injected into the flask. The polymerization procedure lasted for 20 h and the system was kept under nitrogen atmosphere until polymerization finished. The viscous and homogeneous solution was obtained and the solvent was evaporated under reduced pressure. After that treatment, the wild product was then dissolved in THF, filtered, purified by reprecipitation of solution with hexane for three times, and dried in vacuum for 1 day. PEGMA-co-NIPAm (PPN) was synthesized and purified under the same condition as PPNEu.
Agarose Gels Electrophoresis
Polymer/plasmid complexes were prepared freshly prior to use. Polymer solution and the pure plasmid DNA solutions had concentrations of 1 mg mL À1 and 0.1 lg lL À1 , respectively, in ultrapure water. The plasmid DNA solutions were then added to the polymer solutions in different ration (w/w) and complexation was allowed for 30 min at 37 C before using.
To assay the ability of polymer to retard the movement of plasmid DNA in the agarose gel, the mixture of polymer/ plasmid DNA complexes aqueous solution and loading buffer were loaded on to a 1.2% agarose gel and run for 0.5 h at 120 constant volts using JM-250 unit (China). The gels were then scanned by a Gene Genius Bioimaging system.
RESULTS AND DISCUSSION
Characterization of the Eu Complex and PPNEu
The C, H, and N contents of the complex, determined by elemental analysis, were as follows: C, 45.61%; H, 3.024%; N, 5.138%. The Eu content, determined by EDTA titration, was 27.98%. The theoretical calculated values for the complex were as follows: C, 46.23%; H, 3.12%; N, 5.14%, Eu, 27.89%. The FT-IR spectrum of the complex was shown in Figure 1 -d 6 ) . The resonances for Phen protons occurred at 7.78-9.11 ppm, and the peaks around 6.0 ppm attributed to the protons of H 2 C¼ ¼CHA of AA. These experimental results suggested that a reasonable formula for the complex was Eu(AA) 3 Phen. Figure 3(a,b) showed the excitation and emission spectra of Eu(AA) 3 Phen monomer. The excitation spectrum of Eu(AA) 3- Phen was obtained by monitoring emission intensity of Eu 3þ at 618 nm. The maximum absorption of the Eu(AA) 3 Phen occurred within the range of 325-375 nm and dominated by peak centered at 350 nm, which may be resulted from conjugating p-p* transitions of Phen. As a result, the emission lines of the Eu(AA) 3 Phen were obtained from the 5 D 0 -7 F n (n ¼ 1-3) transitions at 594, 618, 645 nm for europium ions under the excitation wavelength at 350 nm. Among these bands, the emission at 618 nm due to the 5 D 0 -7 F 2 electrodipolar transition was the strongest, indicating low symmetry environment around the Eu 3þ ion in the Eu(AA) 3 Phen.
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FIGURE 1 FTIR spectrum of Eu complex.
FIGURE 2
1 H NMR spectrum of Eu complex. The most striking red luminescence ( 5 D 0 -7 F 2 ) was observed in this emission spectra which indicated that the effective energy transfer took place between ligands and the chelated europium ions. 33 Thus, the Eu(AA) 3 Phen is with great monochromaticity.
The 1 H NMR spectra of PPNEu and PPN measured in CDCl 3 were presented in Figure 4 . As shown in Figure 5 , the 1 H NMR spectra of two polymers were nearly the same, where the resonances for protons of ACH 2 CH 2 AOA group in PEG side chains occur at 3.65 ppm, and the peaks around 1.25 and 4.01 ppm attributed to the protons of ACH 3 and ACHA on isopropyl separately. In the spectrum of PPN, there were no visible resonance peaks after 7.8 ppm. However, in the spectrum of PPNEu, there occurred resonance peaks in the region of 7.8-9.2 ppm in contrast, which was in agreement with the results in Figure 2 . The 1 H NMR results indicated that copolymerization of Eu complex monomer and functional monomer was successfully carried out.
The molecular weight and molecular weight distribution of PPNEu were determined by GPC. Chromatogram recorded from the PPNEu was shown in Figure 5 . This chromatogram of typical PPNEu indicated a unimodal molecular weight, the polymerization was successfully carried out and high-molecular weight copolymer was obtained. Figure 6 showed the emission spectra of PPNEu and PPN in water solution (0.05 g L À1 ). The emission was excited at 350 nm. The PPNEu and PPN both had the broad emission centered at 368 nm, however the intensity of the emission peak of PPNEu was stronger than that of PPN. The broad emission peak at 368 nm was due to singlet S 0 !S 1 transition of the polymer backbone. Furthermore, the PPNEu had the characteristic emission peak of europium ions at 594 and 618 nm, which were in accordance with the result in Figure 3 (B). This fluorescence result showed the energy transfer process initially from the ligand and the polymer singlet state S 1 , finally to the europium ions was efficient.
Fluorescent Properties of PPNEu
Absorption Spectra of the Interaction of the PPNEu and ct DNA Absorption spectroscopy is universally employed to determine the binding characteristics of molecules with DNA. 34 Intercalative mode, static electronic mode and groove binding mode were well known as the interaction modes of molecules with DNA. 35 The interaction mode of molecules with DNA usually has been characterized by large changes in the absorbance (hypochromicity) and appreciable shift in wavelength (red shift). [36] [37] [38] When molecules bind to DNA in an intercalation way, the intensity of their absorption will decrease and the absorption will shift to longer wavelength. But, molecules which bind nonintercalatively or electrostatically with DNA may result in hyperchromism. 39, 40 To investigate the mode of the PPNEu binding to DNA, absorption titration experiment has been carried out. When adding ct-DNA to the solution of the PPNEu, a considerable increase in absorption was observed in Figure 7 . In Figure 7 , the hyperchromicity effect showed that PPNEu could bind to ct DNA, which might due to the static electronic interaction between PPNEu and ct DNA.
Fluorescence Spectrum of the Interaction of PPNEu with ct DNA Figure 8 showed the fluorescent emission spectra of PPNEu in the presence of varying amounts of ct DNA. As seen from Figure 8 , the intensity of emission at 594 and 618 nm increased dramatically in the presence of ct DNA. The enhancements of emission intensity implied that the PPNEu and ct DNA complexation was formed by electrostatic interaction between negatively charged phosphate groups of the ct DNA and the positively charged groups (Eu 3þ containing groups) of PPNEu. As a result of the complexation effect, these groups (Eu 3þ containing groups) of PPNEu were protected from solvent water molecules by the hydrophobic environment supplied by the DNA helix; the accessibility of solvent water molecules to PPNEu was reduced, which usually led to the fluorescence emission enhancement.
TEM images of Complexes of PPNEu and ct DNA
To appreciate the interaction between PPNEu and ct DNA further, the TEM images of PPNEu (0.25 g L À1 ), pure ct DNA (5.04 mg L À1 ) and their complexes were provided in Figure   9 . Figure 9 (A) showed that the PPNEu formed spherical micelles in the aqueous solution and the spherical micelles were smaller than 100 nm in diameter. As shown in Figure  9 (B), ct DNA displayed a relaxed, open-loop structure with little twisting of the strands. ). At low concentration of ct DNA in Figure 9 (C), because of the interaction between PPNEu and ct DNA, the aggregation of PPNEu and ct DNA were observed. In comparison with Figure 9 (A), the morphology and size of the micelles change significantly. It is interesting that in Figure 9(C) , when ct DNA was added into PPNEu solution, the aggregation phenomenon occurred, the size of micelles became smaller and the micelles deformed. This may be due to the collapse of the micelles after the interaction and aggregation. Furthermore, at low ct DNA concentration, the dissociative ct DNA was not obviously observed as shown in Figure 9 (C) and nearly all complexes displayed roughly spherical shape, which verified the impression of efficient complexation. At the high ct DNA concentration as shown in Figure 9 (D), ct DNA was only partially complexed by polymer, therefore, the dissociative coiled chains of ct DNA were still observed in Figure 9 (D). The discretely spheres with larger size in image implied that at high ct DNA concentration, the aggregation began to disappear and larger spheres formed. As an efficient gene carrier, synthetic polymer should be able to interact with DNA and form polymer/DNA complexes small enough to enter a cell through endocytosis. This size requirement is on the order of 200 nm or less for most cell types. 41 In this study, the average diameters of complexes as shown in Figure 9 fall in the general size requirements for cellular endocytosis.
Complexation of Polymer and Plasmid DNA Physical integrity of the DNA after complexation is a prerequisite for biological activity of the DNA to mediate successful transition. A fixed amount of plasmid DNA (0.5 lg) . This result indicated that all the plasmid DNA complexed with polymer. In these systems, self-assembling complexes of plasmid DNA and polymer were formed as a result of electrostatic interactions between the negatively charged phosphate groups of the plasmid DNA and the positively charged groups of PPNEu.
CONCLUSIONS
Water-soluble fluorescent copolymer PPNEu was successfully synthesized by free radical copolymerization in methanol with AIBN as initiator. The structure and fluorescent property were characterized. The results of fluorescence, UV-vis absorption, and agarose electrophoresis indicated that the PPNEu could interact with DNA in an electrostatic bonding mode. The TEM observation showed that the PPNEu could form spherical micelles in water solution small than 100 nm; the efficient complexation of PPNEu with DNA occurred. 
